The thermal waters produced by wells and springs from the Buda Thermal Karst in Budapest and its surroundings are rich in dissolved sulphate. Radiocarbon ages indicate that waters of T >45°C were infiltrated during the Ice Age (more than 11 thousand years ago), on the higher elevations of the Buda-Pilis Hills, whereas waters of lower temperatures were infiltrated during the Holocene. For the origin of dissolved sulphate, two hypotheses can be set up: (1) the dissolved sulphate originates from the oxidation of the sulphide (pyrite) of Oligocene Clay Formation; (2) it is the dissolution product of the sulphate minerals (gypsum and anhydrite) of older carbonaceous rocks (limestone and dolomite). The isotopically stable sulphur composition of the dissolved sulphate in the thermal water (δ 34 S = 9.7% to 17.7% ) indicates its marine origin, so likely it dissolved from the older Permian evaporites.
Introduction
Budapest (Figure 1 ), known as city of spas, is very rich in thermal waters of various chemical compositions [1] . Thermal baths are an important treasure of the Hungarian capital city. The thermal waters are used mainly for balneological purposes; however, they are utilized as bottled water and for heating purposes as well. Most of these thermal waters are rich in dissolved sulphate [1, 2] . In spite of the fact that the thermal waters of Budapest have been studied for more than one hundred years, nobody has examined in detail the origin of the dissolved sulphate, although some ideas were published about its origin [1] [2] [3] . One of the most reliable tools for the determination of the origin of sulphate is the application of environmentally stable isotopes; several papers demonstrated their usefulness (e.g., [4] [5] [6] [7] [8] ). In our study, we would like to define the origin of the dissolved sulphate by means of the stable isotope measurements of dissolved sulphate (S and O) and water (O). 
Hydrogeological Framework
The study area is the main discharge area of the Transdanubian Range. Both shallow (cold) and deep (warm) karstic flow systems end in the study area ( Figure 2 ), and mixing between these two flow systems occurs at several places. At the Southern and Eastern foots of the Buda and Pilis Mountains (Figure 1) , near the base level at the River Danube, there are many thermal (>30 °C) and lukewarm (from 15 °C to 30 °C) springs, which came from karstified Triassic and Eocene carbonaceous rocks [2] . The warmest component of water flow is in the basement of the Pest side ( Figure 2) , where karstified rocks are covered by thick sediment. The main mass of Buda and Pilis Mountains consist of well karstified Triassic platform carbonates. The reservoir of thermal waters of Budapest is mainly made of the Triassic karstified and fissured carbonaceous bedrock (limestone and dolomite). This Triassic bedrock is covered somewhere by Eocene carbonaceous rocks (Nummulite bearing limestone) [3] . The Upper Triassic bedrock is in hydraulic connection with the covering Upper Eocene formations in northern and southeastern Budapest [2] . The recharge area of Buda Thermalkarst is not defined exactly, but the discharge area can be delineated more exactly, because of its connection to tectonic lines. This concentrated discharge area is the Buda Spring-line at the right bank of the River Danube. Vendel-Kisházi (1964) [9] . Abbreviations: T-Triassic dolomite; E-Eocene limestone and Eocene-Oligocene marl; O-Oligocene clay. 
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The Upper Triassic formations of the main thermal aquifer is deposited over older South-West Lower Triassic and Upper Permian rocks which contain evaporites (gypsum and anhydrite). These formations are known only from the Southwestern flank of the Budapest area, extending farther towards the Southwest. These limestones, marls and sandstones have low transmissivity and they are barely karstified, rather they are fissured crack water horizons. The Budapest flow system can probably reach only the very end of the known evaporite sediments. However, in the SW border of Budapest, at the Alcsútdoboz-Biatorbágy-Törökbálint-Budaörs-Budatétény line, they can probably communicate through a big horizontal surface with the more karstified Middle and Upper Triassic dolomites and limestones. The higher sulphate content of thermal water in South Budapest can be explained with that counterclockwise water flow system which contacts the Permian-Triassic evaporitic rocks ( Figure 3 ). A more detailed description of the hydrogeological setting was published in 2017 by Mádl-Szőnyi et al. [10] .
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Samples and Analytical Methods
Twelve thermal water samples (>30 °C), four lukewarm water samples (between 15 °C and 30 °C) and eight cold-water samples (<15 °C) were taken from springs and wells in Budapest and its surroundings (Figure 1 .) The dissolved sulphate was precipitated from 1-3 L of water on the spot as BaSO4, by applying BaCl2. Beside the BaSO4, some BaCO3 was precipitated as well. The latter was removed by hydrochloric acid in the Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences; meanwhile, the pH was strictly kept above 3, avoiding any oxygen isotopic exchange between water and sulphate. The pure BaSO4 samples were rinsed 5-8 times by deionized water, and then dried in oven at 60 °C. These samples of dry BaSO4 powder were mailed to the Mass Spectrometry Laboratory of Institute of Physics of Maria Curie-Skłodowska University (Lublin, Poland) for the determination of their δ 34 S and δ 18 O values. The oxygen isotopic composition of the water samples (0.6 dL) was determined in 
Twelve thermal water samples (>30 • C), four lukewarm water samples (between 15 • C and 30 • C) and eight cold-water samples (<15 • C) were taken from springs and wells in Budapest and its surroundings ( Figure 1 ) The dissolved sulphate was precipitated from 1-3 L of water on the spot as BaSO 4 , by applying BaCl 2 . Beside the BaSO 4 , some BaCO 3 was precipitated as well. The latter was removed by hydrochloric acid in the Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences; meanwhile, the pH was strictly kept above 3, avoiding any oxygen isotopic exchange between water and sulphate. The pure BaSO 4 samples were rinsed 5-8 times by deionized water, and then dried in oven at 60 • C. These samples of dry BaSO 4 powder were mailed to the Mass Spectrometry Laboratory of Institute of Physics of Maria Curie-Skłodowska University (Lublin, Poland) for the determination of their δ 34 S and δ 18 O values. The oxygen isotopic composition of the water samples (0.6 dL) was determined in the Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences (Budapest, Hungary). The isotopic compositions are given in the traditional delta notation as δ = (R s /R st − 1) × 1000% , where R s and R st are the 18 O/ 16 O or 34 S/ 32 S isotopic ratios in the sample and standards, respectively. International standards: VSMOW (Vienna Standard Mean Ocean Water) for oxygen and CDT (Canon Diablo Troilite) for sulphur.
Both the sampling, and chemical analyses of the samples, were performed in the Laboratory of the Spas and Thermal Waters of Budapest Ltd, according to the related ISO standards.
Results
The temperature of the studied water samples varies from 8.9 • C to 76.8 • C. The lukewarm and cold-water samples were taken for the sake of comparison. The stable oxygen isotopic compositions of the waters (δ 18 O, Table 1 ) were in the range of −12.50% to −9.38% against VSMOW (mean value of all samples is −10.82% ). The mean value of the thermal samples is −11.68% , which is a more negative value than that of lukewarm and cold-waters. The stable sulphur isotopic composition of the dissolved sulphate (δ 34 S, Table 1 ) was from −5.66% to 17.72% versus VCDT (mean value of all samples is 7.08% ). The δ 34 S values of sulphate varied from 9.68% to 17.72% . Their mean value is 13.22% , which is more positive than that of colder waters. The stable oxygen isotopic compositions of the dissolved sulphate (δ 18 O, Table 1 ) were from 0.68% to 6.39% (mean value of all samples is 4.18% ). The mean value of the thermal samples is 5.13% , which is more positive than that of colder waters. 
Discussion
The thermal wells and springs in Budapest and its surroundings are rich in dissolved sulphate. For the origin of this sulphate two hypotheses exist: (1) The dissolved sulphate originates from the oxidation of the sulphide (pyrite) of the Oligocene Kiscelli and Tard Clay Formations. This formation contains significant amounts of organic matter and sulphide; the latter is mostly in pyrite form. This pyrite can be oxidized where thermal water makes a contact with the clay. (2) The dissolved sulphate is a dissolution product of the sulphate minerals (gypsum, anhydrite) found in the Southwestern extension of the main Triassic karst limestone and dolomite aquifer [2] .
Checking the Two Hypotheses Using Sulphate's Sulphur Isotopes

The Oxidation of Sulphide
Vető et al. [11] published the δ 34 S values of total sulphur in the Tard Clay Formation (Alcsútdoboz-3 borehole). The mean value of the total sulphur of the clay was 2.6% . Because sulphur in the clay is nearly 100% pyrite, the value δ 34 S = 2.6% can be regarded as that of pyrite. When pyrite is oxidized in abiogenic processes, the δ 34 S value of the sulphate formed is close to the value of original pyrite. When pyrite is oxidized in biogenic processes, the δ 34 S value of the sulphate formed is lower than that of pyrite. Since the mean δ 34 S value of the sulphate dissolved in the thermal waters studied is much more positive (average 13.6% ) than that of the pyrite in the Tard Clay Formation, (2.6% ), the first hypothesis that the dissolved sulphate originates from the oxidation of the sulphide (pyrite) in the Tard Clay Formation, is unlikely.
The Dissolution of Sulphate
Hámor [12] , in his study about sedimentary sulphates, measured sulphur's stable isotopic compositions mainly in Upper Permian and Lower Triassic evaporites. In these two groups, the isotopic compositions of the sulphur are significantly different. The δ 34 S values of the Permian samples were from 9.51% to 20.93% (mean value is 12.78% ; [13] ). These Permian samples had been taken from several boreholes in Hungary (Bódvaszilas-1, Bódvarákó-4, Dinnyés-3, Hídvégardó-3, Jósvafő-2, Nagybátony-324, Nagyvisnyó-4, Nagyvisnyó-18, Perkupa-mine, Recsk-136 and Tornakápolna-3). The δ 34 S values measured for the samples mentioned roughly correspond with world values of Permian marine sulphates [14] [15] [16] . The δ 34 S values of the Triassic samples were from 15.98% to 33.01% , with wide dispersion (mean δ 34 S value is 24.28% ), and are in good agreement with the global values [16] . These Triassic samples had been taken from several boreholes in Hungary (Alcsútdoboz-2, Alsószalmavár-1, Bakonyszűcs-1 and 3, Barcs-West-6, 8, Báta-3, Cún-1, Diósviszló-3, Forráskút-4, Iszkaszentgyörgy-4, Kiskunhalas-North-3, Kiskunhalas-South-5, Máriakéménd-3, Nagykozár-2, Ortaháza-West-1, Öttömös-2, Petend-1, Somberek-1, Tét-2, Turony-1, Vajta-3 and XIV.).
The results obtained prove our second hypothesis, that the dissolved sulphate is a dissolution product of evaporites, because in our study, the δ 34 S values of the thermal waters were between 9% and 18% (average is 13.22% ), which practically overlaps with the range of the above Permian evaporites; the latter is within the range of "Devonian to Lower Triassic" in Figure 4 . There is a small overlap between the range of the measured δ 34 S values of thermal waters (9-18% ) and the above Triassic suphates (16-33% ), so some of the dissolved sulphate could originate from Triassic sources, but the amount must be inferior. 
An Evaluation of the Chemical Data
The water chemistry may provide information about the sources of chemical species dissolved in the water (e.g., [18] ). Here we provide a simple evaluation of chemical data just for checking whether the conclusion made on the basis of stable isotope data above is supported by the chemical data or not. In the previous chapter, we concluded that the dissolved sulphate in the thermal waters originates from the dissolution of sulphate minerals. Figure 4a indicates that there is a significant amount of surplus calcium compared to the congruent dissolution of sulphate (all the points are over the 1:1 dissolution line), necessarily so, because carbonate minerals have dissolved as well increasing the amount of Ca. But, if we compare the Ca with SO4 + HCO3 (Figure 4b ) it is obvious that there is a shortage in Ca, because not only calcite dissolved, but dolomite as well. Regarding the model of dissolution of gypsum (and/or anhydrite), calcite and dolomite as sources for the Ca, Mg, SO4 and HCO3 species in the water, Figure 4c gives a support for it, showing a fairly good correlation between Ca + Mg and SO4 + HCO3. We may suppose that dissolution of halite is the source of chloride. Although the Na-Cl correlation is fairly good (Figure 4d ) in many cases there is some surplus Na over the 1:1 line. This can be explained as the result of the Ca ↔ (Na,K) cation exchange between water and clay minerals. Clay releases Na or K and receives Ca ([19] chapter 4). It means that the Ca + Mg should be corrected with this surplus Na + K, which is over the dissolution of halite (Na + K-Cl). Figure 4e shows the corrected diagram, where the correlation is a little bit better than in the Figure  4c . Because not all the points are on the 1:1 line, we can infer that additional processes played roles, although minor ones. If we group the waters according to temperature into three intervals (Table 1) , then there is no clear separation between the groups (Figure 4f ), which can be the result of the mixing 
The water chemistry may provide information about the sources of chemical species dissolved in the water (e.g., [18] ). Here we provide a simple evaluation of chemical data just for checking whether the conclusion made on the basis of stable isotope data above is supported by the chemical data or not. In the previous chapter, we concluded that the dissolved sulphate in the thermal waters originates from the dissolution of sulphate minerals. Figure 5a indicates that there is a significant amount of surplus calcium compared to the congruent dissolution of sulphate (all the points are over the 1:1 dissolution line), necessarily so, because carbonate minerals have dissolved as well increasing the amount of Ca. But, if we compare the Ca with SO 4 + HCO 3 (Figure 5b ) it is obvious that there is a shortage in Ca, because not only calcite dissolved, but dolomite as well. Regarding the model of dissolution of gypsum (and/or anhydrite), calcite and dolomite as sources for the Ca, Mg, SO 4 and HCO 3 species in the water, Figure 5c gives a support for it, showing a fairly good correlation between Ca + Mg and SO 4 + HCO 3 . We may suppose that dissolution of halite is the source of chloride. Although the Na-Cl correlation is fairly good (Figure 5d ) in many cases there is some surplus Na over the 1:1 line. This can be explained as the result of the Ca ↔ (Na,K) cation exchange between water and clay minerals. Clay releases Na or K and receives Ca ([19] chapter 4). It means that the Ca + Mg should be corrected with this surplus Na + K, which is over the dissolution of halite (Na + K-Cl). Figure 5e shows the corrected diagram, where the correlation is a little bit better than in the Figure 5c . Because not all the points are on the 1:1 line, we can infer that additional processes played roles, although minor ones. If we group the waters according to temperature into three intervals (Table 1) , then there is no clear separation between the groups (Figure 5f ), which can be the result of the mixing of cold and warm waters. 
Water Oxygen Isotopic Composition
The oxygen isotopic composition of the infiltrated water in Hungary is very close to that of the local precipitation [20] . Since the multi-annual stable isotopic characteristics of precipitation depends on the climate, the δ 18 O value of the infiltrated water reflects the climate in the time of infiltration. The δ 18 O values of the studied water samples (Table 1) show that the thermal waters (δ 18 O from −12.50‰ to −10.95‰) were infiltrated under a cooler climate during the Ice Age [21] , while the coldwaters (δ 18 O from −10.67‰ to −9.38‰) were infiltrated during the Holocene [21] . The lukewarm waters (δ 18 O is from −10.58‰ to −10.24‰) are mixture of thermal and cold-waters. This is in harmony with δ 34 S values. As we can see, the conclusion drawn by the stable isotope data of dissolved sulphate is supported by the chemical data.
The oxygen isotopic composition of the infiltrated water in Hungary is very close to that of the local precipitation [20] . Since the multi-annual stable isotopic characteristics of precipitation depends on the climate, the δ 18 O value of the infiltrated water reflects the climate in the time of infiltration. The δ 18 O values of the studied water samples (Table 1) show that the thermal waters (δ 18 O from −12.50% to −10.95% ) were infiltrated under a cooler climate during the Ice Age [21] , while the cold-waters (δ 18 O from −10.67% to −9.38% ) were infiltrated during the Holocene [21] . The lukewarm waters (δ 18 O is from −10.58% to −10.24% ) are mixture of thermal and cold-waters. This is in harmony with δ 34 S values.
Oxygen Isotope, Bisulphate-Water Geothermometer
In our thermal water samples, δ 18 O values of the dissolved sulphate (bisulphate) were lower by 5-10% than Permian and Triassic marine sulphate values (12-18% , Figure 3 ) [15, 18, 22] . There is an isotope exchange between the bisulphate and water which is rather fast over 200°C [23] and significantly slower in lower temperatures; however, both pH and chemistry play important roles in determining the exchange rate. McKenzie and Truesdell [24] gave a formula for calculating the half time of oxygen exchange between bisulphate and water at different pHs and temperatures. We have calculated the time needed for 99.9% exchange of oxygen in the bisulphate-water system at pH 7 for different temperatures; see Table 2 . Because the formula was given for pHs 3.8, 7 and 9, we made the calculations for pH 7, because it is the closest value to the pH we measured in the thermal waters studied ( Table 3) . Although the 99.9% exchange does not mean isotopic equilibrium, it can be regarded as a good approximation of the equilibrium. Comparing the data in Table 2 with the water temperatures measured and the calculated radiocarbon ages in Table 3 , we can see that the oxygen isotopic equilibrium in the bisulphate-water system has supposedly been attained in the majority of the waters except in four wells: Lukács IV and V, and Margitsziget III and IV wells, which are younger than nine-thousand years (ka), while the time needed for equilibrium is more than 9 ka at the outflow temperature.
Several authors dealt with the temperature dependence of oxygen isotope fractionation factor in the bisulphate-water system [23, [25] [26] [27] [28] . We tried the equations of Lloyd [25] , Mizutani and Rafter [26] and Kusakabe and Robinson [23] , and found that Equation (1), published by Kusakabe and Robinson [23] , gave temperatures closest to the measured ones. They were the only authors who applied a correction for ion hydration effects, which is significant, and this can be a reason that their formula gave the closest temperatures. 
Although Kusakabe and Robinson determined the O isotope fractionation factor of the BaSO 4 -H 2 O system, it can be regarded as the fractionation factor of the HSO 4 -H 2 O system, because the isotope fractionation between the solid BaSO4 and the dissolved HSO4 is negligible (e.g., [18] (p. 141)) both for S and O.
Comparing the measured outflow temperature with the temperature determined by the bisulphate-water geothermometer at waters of radiocarbon age >9 ka, we could see that thermometer T in three wells was equal to the measured T within ±2 • C (Széchenyi I and II wells; Zugló and Paskál malom wells); and in five wells it was significantly higher (Csepel II. well; VITUKI, Kvassay-well IX/38; Pesterzsébet, spa well; Margitsziget, Magda-well; Göd, strand thermal well) ( Table 3 ). When the measured and the calculated geothermometer temperatures were ca. equal, then we may conclude that isotopic equilibrium was attained and neither mixing nor cooling took place; i.e. the water came from one flow path and its temperature was never significantly higher than the present one. Those wells are spatially close to each other and get their water from the ascending structures in faults close to each other. In the case that the calculated geothermometer T is significantly higher than the outflow temperature, theoretically, there are two explanations for this phenomenon. (1) Water comes from deep aquifers, where the temperature is high, and cools down during the ascension. The geothermometer gives the temperature of the deep aquifer, because the time of ascension is too short for re-equilibration.
(2) The other explanation can be the mixing of small amount of cool water of low bisulphate content to the ascending hot water. In this case, the vast majority of the bisulphate originates from the hot component, but a small portion may come from the cool component, slightly modifying the δ 18 O HSO4 . It is true for the δ 18 O H2O as well; it can be slightly modified by the cool component. The δ 18 O values of cool waters were higher than of the hot waters (Table 1) , while the δ 18 O values of bisulphate in cool waters were lower than in the hot waters (Table 1 ). Both an increase in δ 18 O H2O and a decrease in δ 18 O HSO4 increase the geothermometer temperature calculated. At the same time, the effect of mixing of a small amount of young water with old water is very remarkable on the calculated radiocarbon age, resulting in a significantly younger age. (It is because a small increase in the 14 C content results a great decrease in the radiocarbon age; the correlation between the age and 14 C content is exponential.) Keeping in mind the above statements and having a look at the data in Table 3 , we can see the following: in the case when the geothermometer T and the outflow T are close to each other, the T is in the range of 70-76 • C. The same geothermometer T characterizes some other wells: Csepel II well and Margitsziget Magda-well. Both are rather old (23.5 and 15.5 ka), and the outflow Ts are significantly lower than the geothermometer Ts, although for the latter, the difference is smaller. At these two wells, we may interpret the data such that the ascending water cooled down without mixing; therefore, the geothermometer gave the highest temperatures these waters had along their flow path.
There are three wells where the geothermometer T is just a little bit higher (79.7-79.9 • C) than the previously mentioned ones. These are: the VITUKI, Kvassay-well IX/38; the Pesterzsébet, spa well; the strand thermal well (Göd). All these waters are rather old waters, 14.6, 15.8 and 17.1 ka cal. 14 C. It may be that a small amount of cool water mixes into the hot water, but according to the data it was insignificant, if it took place. In all the other cases, the geothermometer T is over 80 • C, and at the same time the radiocarbon age is under 7 ka: Lukács IV-V wells; Margitsziget III well. Although the geothermometer temperatures can be realistic, because at Tura (in the most eastern part of the Buda Thermal Karst) ca. 100 • C was measured in a lately drilled well, the parallel increase in geothermometer T and significant decrease in the radiocarbon age clearly indicates the mixing of young and cool water to the old and hot water.
The Possible Effect of S 2− Content on the δ 18 O HSO4
In six thermal water samples, we detected a little amount of S 2− (from 0.2 mg/L to 0.98 mg/L, Table 4 ), which may indicate bacterial reduction of sulphate, which involves isotope fractionation. However, the bacterial reduction of sulphate has not been proven, and other process, such as inorganic sulphate reduction, could produce that sulphide content [18] (p. 146); but because the latter is very rare, and the most common origin of S 2is the bacterial reduction of sulphate, we calculated the potential effect of bacterial sulphate reduction on the dissolved sulphate. We do not go into the details of the hypothetical process. The bacterial reduction (for example, by Desulfovibrio desulfuricans, which is a natural anaerobic bacterium species) of sulphate removes, preferentially, the light isotopes of oxygen and sulphur from the sulphate in the reservoir and causes isotopic enrichments for both 18 O and 34 S in the residual sulphate [29] . The typical values for the ratio of enrichment factors ε 34S /ε 18O ranged from 2.5 to 4.5 [29] . Supposing that the bacterial reduction took place at enrichment factors of ε 34S = 70% and ε 18O = 20% , we calculated what the δ 18 O and δ 34 S values of bisulphate were before the reduction. As we can see from Table 4 , the possible effect of bacterial reduction on the δ values is insignificant; practically, this effect is in the range of the analytical uncertainty.
Conclusions
Thermal waters produced by wells and springs from the Buda Thermal Karst Aquifer of Budapest and its surroundings are rich in dissolved sulphate. The origin of this bisulphate has been determined by means of isotope geochemical methods.
Based on the stable sulphur isotopic composition of the dissolved sulphate we can infer that bisulphate in the thermal wells (>30 • C) originates from dissolution of Permian evaporates containing gypsum and anhydrite. These waters are old and were infiltrated during the Ice Age (>11 ka BP) with few exceptions, to which a small amount of cool water mixed, mostly affecting their radiocarbon age. The latter is below 9 ka ( 14 C calculated age).
Luke-warm waters (T = 15-30 • C) are probably a mixture of cool and hot karstic water components based on the oxygen isotopic composition of the waters. The bisulphate originates supposedly from the oxidation of pyrite from the Tard and Kiscelli Clay Formations based on the stable sulphur isotopic composition.
An evaluation of water chemistry of thermal karstic wells suggest that bisulphate is a dissolution product of sulphate minerals; the bicarbonate is a dissolution product of calcite and dolomite; the chloride comes from NaCl; some portion of Na content comes from cation exchange between clay minerals and water [Ca ↔ (Na,K)].
In the waters of >60 • C the bisulphate-water oxygen isotope thermometer gives the same temperature as the outflow temperature, indicating that these waters are undisturbed waters and their temperature was never higher than the present one. In the thermal waters with lower temperatures, the bisulphate-water oxygen isotope thermometer outputs a slightly higher temperature those of the previous ones, indicating that a small amount of cool water could mix with this water. In the thermal waters younger than 9 ka, the bisulphate-water oxygen isotope thermometer gives temperatures of over 80 • C, which can be real, but their age and δ 18 O H2O indicates the mixing of young cool water to old hot water. 
